A numerical method for calculating the seismogram of any seismograph for an arbitrary continuous ground disturbance is used to investigate the effect of instruments with various physical constants on both theoretical and actual impulsive signals. This calculation solves the equations of motion of the pendulum-galvanometer system by a fourth-order Runge-Kutta process. Variation of instrumental constants produces conspicuously different seismograms, in several cases of practical interest.
I. Introduction
In order to determine precisely the effects of seismographs with various physical constants on the pulse-like signals from earthquakes, a systematic investigation has been made of the modification of certain theoretical pulses, as well as signals from earthquakes, using an IBM 650 electronic data processing machine.
Modifications of seismic ground motion, which are produced by the recording instrument, have been discussed previously in many studies of near earthquakes, and of teleseisms, for both body and surface waves.* However, the method presented here is more powerful, and does not require the use of the arbitrary integration constants which are needed to reduce a seismic trace to ground motion.
Although instrumental distortion affects the entire seismic signal, a quantitative measure of this effect is especially important at present in the case of surface I02 M. Landisman, Y. Sata, and M. Ewing waves, because for these waves signal character as well as arrival time is used to study the physical properties of the Earth. In one study of well-dispersed Rayleigh wave trains, it was shown (Ewing & Press 1952) , after comparing data from seismograms with different physical constants, that it is neither necessary to integrate the seismograms to true ground motion nor to eliminate instrumental phase shifts for the periods studied and the precision required.
There are, however, surface wave signals with small dispersion. A particularly striking example of a pulse-like teleseismic signal is the long-period Love wave, named the G wave by Byerly (1926) after Gutenberg, for his pioneer work on this phase (Sieberg & Gutenberg 1924) . His studies, as well as most other investigations of this wave* indicated that it shows little dispersion, since its pulse-like character is preserved at great distances. These studies demonstrated that the Love wave group velocity curve is essentially flat in the long period range to several hundred seconds, with a group velocity near 4.48 km/s. For a summary of dispersion data on Love waves of shorter periods, see Ewing, Jardetzky & Press (1957) .
In a recent study, Benioff and Press (1958) suggested, on the basis of seismograms from a new instrument, that the previous studies of the G wave had resulted in poor group velocity determinations, and that the Love wave group velocity curve has a true maximum, with a decrease in velocity for periods greater than about two minutes. The more pronounced dispersion of mantle Rayleigh waves which show a maximum for periods near one minute and a decrease in velocity to a minimum for periods near four minutes, has permitted determination of the group velocity and associated maximum and minimum to be made from the seismograms of many instruments (Ewing & others 1957 , Ewing & Press 1954 ). In addition, the group velocities obtained from studies of the direct wave agreed with determinations based on multiple passages of these waves around the earth, although the wave train had been strongly altered by its conspicuous dispersion.
The agreement of these determinations shows that effect of the instruments on mantle Rayleigh waves is small compared to that of the dispersion.
The essentially constant G wave group velocities were determined by Sat6 (1958) , exclusively by the measurement of differences in phase which were obtained by Fourier analysis of the arrivals Gg, G I , and G4, G2. In this manner, the effects of the instrument and of the spectrum of the source are completely removed.
The group velocities of long-period surface-wave signals provide a means of studying the mantle which is independent of body wave studies, and it is therefore quite important to get reliable surface wave group velocity data, as the derived mantle structures are sensitive to changes in the observed dispersion curves.
After an investigation of the effect of seismographs on theoretical signals, calculations were made of the seismograms which would be produced by various instruments upon reception of the GI signal from the New Guinea earthquake of 1938 February I , which had been used by Sat6 for his group velocity determination.
Our calculations have shown that the instruments significantly influence the shape of pulse-like signals (see Figures I and 3 ) in cases of practical interest. Such changes in wave shape will cause measurable changes in the observed group velocity for signals with slight dispersion unless instrumental effects are removed. The modification of the GI signal by the four pendulum-galvanometer systems described in Figure 4 , which is similar to the distortion of the test signals in Figure  3, '03 quite important. Since this is the same G wave signal which, after elimination of the effects of the recording system and of the spectrum of the source, did not produce a maximum in the group velocity (Sat6 1958), the earlier determinations of an essentially flat Love wave group velocity curve for long periods up to several hundred seconds are confirmed. This Love wave group velocity curve is useful for testing structures proposed for the upper mantle. An extensive programme of study of the upper mantle, using surface waves and body waves is nearing completion at the Lamont Geological Observatory, and the results will soon be published (Landisman, Sat6 & Ewing) .
The present investigation of seismograph distortion of pulse-like ground motions indicates that, for best results, dispersion curves for pulse-like signals should be constructed from the seismograms of instruments whose magnification changes very gradually with period. In addition, this study emphasizes the fact that the transient response of instruments whose magnification changes rapidly with period can be important in studies of wave propagation.
Method
The transient response of various types of seismographs to pulse-like signals will be considered. The equations of motion of these systems, with suitable initial conditions, provide a complete description of their behaviour.
One type of system is the linear strain as recorded by a galvanometer by means of a velocity pickup. The response, R, of a directly recorded strain rod, for harmonic components much longer than the rod, has been shown by Benioff (1935, for transverse waves. and (1958) shows that in practical cases, changes of phase velocity of the order of ~k m l s produce negligible changes of magnification. When phase velocity is treated as a constant and the time derivative of R, as obtained from a velocity pickup, is recorded on a galvanometer, the magnification is similar to that of a simple pendulum with the same period and damping as the galvanometer. The pendulum obeys the well-known equation
where x = pendulum displacement with respect to the ground,
'04
M. Landisman, Y. Satb, and M. Ewing EO = damping constant of the pendulum, w o = natural frequency of the pendulum.
We may obtain the ground acceleration from a simple pendulum record (Bryan 1936) by solving the equation The derivatives may be found numerically, using differences (Hildebrand 1956 , Scarborough 1950 ). For a pendulum-galvanometer system, such as the Galitzin seismograph or similar instruments, where a mechanical pendulum drives a galvanometer through a velocity pickup, we may write the equations of motion (Coulomb & Grenet 1935) in notation similar to that of Chakrabarty (1949) It can easily be shown (Byerly 1942 , Walter 1945 ) that the ground acceleration, i = -w , can be found if 8, its first three derivatives, and first integral with respect to time are known.
0 where t = time on record,
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When a linear strain record is to be compared with that produced by a pendulum-galvanometer system, it is best to use equation (4) to deduce earth accelerations and equations ( 5 ) and (6) to compute the comparison seismogram. The equation (7) is only presented to show the method of intercomparison between various pendulum-galvanometer combinations. The computation of equation (4) will be referred to in future discussion as the inverse seismograph computation.
To obtain a seismogram from the ground displacement or acceleration, one must solve the equations of motion ( 5 ) and (6). Many authors have contributed valuable studies concerning the effect of instrumental constants on the response of the instrument", but it is often difficult to imagine what type of seismogram will correspond to a certain response curve and a given ground disturbance.
We have adopted one of the Runge-Kutta methods, which has been derived by Gill (195 I ) , to solve these differential equations numerically. We consider a system of n + I simultaneous first-order differential equations
For such a set of equations, Gill has derived a numerical method of solution which is a fourth-order Runge-Kutta process, and in which, for each step of iteration over interval h, the error is of order h5. The process has the advantage that it may be started at any place in the iteration, and that the functionsf, must be evaluated only at the ends of the interval and twice in the middle of the interval, which is convenient for interpolation or differentiation.
The following set of equations, (11), which may be found in Gill's study (his equation 26) are his solution for maximum accuracy. The equations are computed in the order shown, i.e. The first of the two subscripts refers to the identification number of each member of the set of first-order differential equations, while the second refers to each of the four stages of the iteration process, which together constitute one complete step of interval h. When each of the sixteen equations, ( I I), have been computed for each member of the set of first-order differential equations, in the order mentioned above, the iteration has proceeded through one step of interval h. The qij and rij have been introduced to keep the errors, e(rii), at each stage of the iteration process to a minimum. T o preserve the accuracy from one step, h, to the next, it is necessary to make the 464 of one interval equal to the qia of the next, and to round qio and qi4 in opposite directions. At the start of the first interval of iteration qio may be set equal to zero. With this introduction we may now consider the set of equations ( I I). (yo,yl,y2,Y3,Y4, w) ,
KZO, then
In order to find the acceleration, 5 = -w, from the displacement x, the differentiated forms of the Stirling and Bessel central difference interpolation formulae Downloaded from https://academic.oup.com/gji/article-abstract/2/2/101/654299 by guest on 22 December 2018 to fourth-order differences (Hildebrand 1956 , Scarborough 1950 
+ 0-5859 375020 -0.0976 5625 05-1 + 0-01 17 1875 05-21. At the start of the iteration process the central difference formulae, (12) and (13) must be replaced by Gregory-Newton forward difference formulae to fourthorder differences. Thus at t = 0, $h, h and !h we have, for a displacement input: For an acceleration input, we must use: These equations, (4) for the inverse seismograph computation, and (I I), (SA), (SB), (6A), (6B), (12), (IzA), (13) and (13A) for the Runge-Kutta seismograph computation were coded for solution by the IBM 650 electronic data processing machine.
A computation was made in which sinusoidal ground displacement signals were used as an input to a seismograph having the constants TO = 30 s, EO = 4 . 5~0 , T, = IOOS, Eg = wg, ooo, = 0, which is one of the instruments in use at the Lamont Geological Observatory (Sutton & Oliver 1959 ). It will be referred to I 08 hereafter as the 30-100 instrument. The steady-state response was the same as that calculated by Sutton & Oliver using the Laplace transform method of Chakrabarty (1949) . See Figure I This ground displacement signal was used in a calculation with the same 30-100 seismograph, and Fourier analysis of the input and output was performed (Matsumot0 1958) , with a Fourier analysis programme built for another study.
The amplitude response to this transient 
Ge(T)
=
I09 and Ao( T )
is the amplitude spectrum of the resulting galvanometer deflection, not shown. As can be seen in Figure I , the transient response of the system is identical to that for steady-state signals.
This same test signal was used to calculate the response curves shown in Figure  2 , and the input and output signals for the various instruments are shown in Figure   3 . The sign has been reversed where shown to facilitate comparison. Seismographs are normally connected so that an upward deflection of the trace implies that the ground moved up, east or north.
The inverse seismograph computation programme was also tested with this signal. The resulting response curve for the linear strain recorder is shown in Figure 2, and the input and output time functions are shown in Figure 3. The resulting acceleration was then used as the acceleration input of the seismograph computation. The resulting seismograms are shown in Figure 3 . The non-symmetrical ground acceleration shown in Figure 3 is that required by a 70 second pendulum in order to produce a seismogram equal to &(t) (see equation (4)). By Fourier analysis of the 100-90 seismograms of Figure 3 , and of the corresponding acceleration, the response curves for the 100-90 instruments, shown in Figure 2 , were obtained.
In addition, Laplace transform calculation of the steady-state response at T = 60 s was performed for the strain seismograph, and for the 95-90 and 100-90
instruments with u0u, = 0. These responses agreed with those found by Fourier analysis of the test signals, and are shown in Figure 2 .
From an assumed seismogram, Sl(t), the acceleration was computed with equation (4). Then the computed seismogram which resulted, when a simple pendulum having the same constants received this acceleration as an input, was used to test the entire system of computation. The computed pendulum displacement signal was the same as the original input. Upon comparison, the first four leading digits of both signals were found to be identical. A similar test in which the test signal was first used as an acceleration, also reproduced the same acceleration to a corresponding number of digits. This means that the computed seismogram is the same as that which would be produced by the equivalent seismograph. The "noise" in the computed record is at least an order of magnitude less than the smallest deflections which can be plotted or observed. Another test signal, Figure I . For signals which begin gradually, such as these, central difference formulae which start at to # o give equivalent results to forward difference formulae which start at to =o, to the precision required. Both methods were used and the results were equivalent. When it was clear that both computation programmes were working properly, calculations were made using an earthquake signal. A linear strain seismogram of the GI signal from the New Guinea shock of 1938 February I, as recorded at Pasadena, which was sampled every six seconds by Sat6 (1958) for his study of the G wave, was reduced to ground acceleration, and this acceleration was then used as an input for various approximations to the Gilman instrument discussed by that slight changes in the pendulum period have negligible effect, which is also shown by the response curves in Figure 2 . The effect of changing the coupling from coo, = o to 0.3 ( 4~0~~) produces slightly increased distortion, for instruments whose pendulum and galvanometer periods are as close as these, but it is clearly evident that all four instruments have conspicuously distorted the seismic signal. Benioff and Press that the group velocity of Love waves displays a maximum with a decrease in group velocity for periods greater than about two minutes, since the long period disturbance of the trace in Figure 8 of their study continued from the arrival of the G wave until the arrival of the Rayleigh wave train. The original strain seismogram, shown in Figure 4 of this paper, was the same one which was used by Sat6 (1958) for a study of the G wave, in which the response of the instrument and the spectrum of the source were subtracted out by taking differences G3-G1, and G4-Gz. These computations produced an essentially flat group velocity curve for long periods, which is reproduced in Figure 5 . We are thus led to the conclusion that the long period disturbance recorded by the Gilman instrument after the arrival of a G wave is a purely instrumental effect, and is not related to the physical properties of the earth.
Conclusions
For best resuits, dispersion curves for pulse-like signals should be constructed from the seismograms of instruments whose magnification changes very gradually with period. This study also emphasizes that the transient response of instruments, whose magnification changes rapidly with period, may be important in studies of wave propagation.
In the long period range up to several hundred seconds, there is no evidence for appreciable dispersion of the G wave, and earlier observations of an essentially flat group velocity curve remain valid. 
